In this paper, the ability of nZVI to remove heavy metals (Cd, Cu, Ni, Pb, Zn) from multicomponent aqueous solutions was investigated through batch experiments. The experimental data were fi tted to a second-order kinetic model based on solid capacity. The data for copper and lead fi tted well into the second-order kinetic model, thus suggesting that the adsorption had a physical character. The values of the removal ratio and the second-order rate constant indicated that the order of adsorption priority of nZVI was as follows: Pb>Cu>Zn>Cd>Ni. The adsorption isotherm data were described by the most conventional models (Henry, Freundlich, and Langmuir). Equilibrium tests showed that copper and zinc were removed from the solution by adsorption processes, i.e., complexation and competitive adsorption. The test results suggested that the removal processes using nZVI are more kinetic than equilibrium. The study demonstrated that nZVI is favorable reactive material; however, comprehensive investigation should be performed for further in situ applications in PRB technology.
INTRODUCTION
To design a permeable reactive barrier (PRB), the characterization of contaminants and groundwater conditions is required. Contaminants and groundwater parametrization are important for the appropriate choice of reactive materials that fi ll the treatment zone of the PRB. In PRB technology, the capacity of reactive materials in natural attenuation processes (sorption, redox, precipitation, and biodegradation) is a crucial parameter in the selection of suitable materials 1, 2 . Moreover, the intensity of these processes closely correlates with the velocity of groundwater fl ow through the PRB. A well-designed PRB should be a chemical barrier for pollutants. This means that the PRB should effectively reduce the concentration of pollutants but not change groundwater fl ow conditions. Heavy metals, which are the common contaminants in groundwater, are emitted from industrial plants, municipal waste disposal sites, vehicle transport, etc.
3
. In practice, several methods for removing heavy metals are applied: chemical precipitation 4, 5 , ion exchange 6 , electrolytic processes 7 , adsorption 8, 9, 10 , reverse osmosis, and membrane processes 11, 12 . PRB technology is one of the low-cost methods introduced in the last decade for groundwater remediation 13 . Nowadays, numerous reactive materials have been used in the treatment zone of PRBs, e.g., zero-valent iron, activated carbon, zeolite, and organic matter 14, 15 . Nanoscale zero-valent iron (nZVI), which comprises submicrometer particles of iron metal, has also been used in PRB.nZVI has a number of advantages compared to granular ZVI: greater surface area and the possibility of more rapid contaminants degradation. nZVI has been demonstrated to be effective for the treatment of both organic compounds (TCE, PCE, DCE, and VC) and inorganic contaminants (heavy metals)
16, 17
. The aim of this study is to evaluate the ability of nZVI in removing heavy metals from multicomponent solutions. Recently, more and more experiments involving batch tests have been carried out with multicomponent solutions that (in contrast to the one-component solution) better refl ect conditions seen in the environment 18-21 . The objective is to investigate the adsorption kinetics and isotherm models of removing Cd, Cu, Ni, Pb, and Zn in acid environment conditions. Batch tests may be used to develop an understanding of reaction pathways and the mechanism of sorption reactions. The preliminary test results including kinetic and equilibrium data demonstrate that nano zero-valent iron may be recommended for environmental protection using PRB technology.
EXPERIMENTAL

Material
In this study, nano zero-valent iron powder (nZVI) was used as the reactive medium. nZVI with the specifi c surface (S BET ) equal to 2.1 m 2 /g and specifi c gravity equal to 7.8 was purchased from Hepurtechnologies (USA).
Multicomponent aquatic solution
All experiments were performed using dilute simulated waste water, which was prepared using analytical reagents of cadmium, copper, nickel, lead, and zinc (CHEMPUR, Poland). Chloride ions (150 mg/L) were added to the analytical solution. The initial pH (pH = 4.0±0.2) of the aquatic solutions was adjusted with 1M HCL/1M NaOH using a pH meter (SCHOTT, Germany). The initial electrical conductivity of the solution was 31 mS/ cm; the oxygen reduction potential (ORP) was 313 mV.
Kinetic and equilibrium tests
Batch kinetic tests were conducted as follows: in the fi rst stage, 2.0 g of nZVI was added to 100 mL of solution (PE fl ask) with a constant concentration of heavy metals (30 mg/L); in the second stage, the fl asks were sealed and placed in a rotary shaker at 15 rpm (GFL, Germany) at room temperature of 21±2 o C. To determine the equilibrium time, the contents of fl asks were agitated until the concentrations of metal ions were measured following 1, 3, 6, 10, 24 and 48 hours.
For the batch equilibrium tests, a given amount of nZVI, i.e., 2.0 g, was used. The initial concentrations of less intensely than for lead and copper, however, it was still satisfactory. The correspondence between the data and the equation indicates that copper and lead follow a second-order reaction. For Cu, Pb and Zn, the fi tted lines illustrate the two-step adsorption process. This consists of a rapid adsorption process and a relatively slow stage of adsorption, during which equilibrium is reached. The fi nal removal ratios R for each metal from the solution were as follows: Cd -24%, Cu -96%, Ni -8%, Pb -97%, and Zn -73%. From the values of the removal ratio and the second-order rate constants (Table 1) , the order of adsorption priority on nZVI was as follows: Pb>Cu>Zn>Cd>Ni.
Analysis of equilibrium conditions may lead to the conclusion that copper and zinc are removed from the solution by adsorption processes, i.e., complexation and competitive adsorption. Due to the limited adsorption sites on the surface of nZVI, the removal pathways heavy metals ranged from 0 to 110 mg/L. All samples were agitated for 48 hours. In order to minimize inaccuracy, this research used aqueous solutions without adsorbents as control samples as well as conducted double-blind (distilled water with adsorbent) tests.
pH, temperature, electrical conductivity and ORP were measured using a digital meter (SCHOTT Instruments GmbH, Germany) at the beginning and the end of experiments. The fi nal concentration of the aquatic solutions was analyzed using an Atomic Adsorption Spectrometer ICP -AAS (Thermo Scientifi c, USA).
The removal ratio R (%) of metal by nZVI was calculated using the equation: R (%) = (C 0 -C)100/ C 0 (1) where: C 0 and C are the initial and fi nal metal concentrations (mg/L).
The data for the kinetic tests were analyzed using the fi rst (equation 2) and the second order (equation 3) models as follows:
where: C s is the adsorbates concentration after time t (mg/L), C 0 is the initial concentration of the solute adsorbate (mg/L), k 1 is the fi rst-order rate constant (1/h), and k 2 is the second-order rate constant (1/(mg · L -1 )·h). Moreover, the partition coeffi cients for each metal were obtained by fi tting Henry (equation 4), Freundlich (equation 5), and Langmuir (equation 6) models to the data using Solver, MS Excel's data analysis tool (Microsoft). The adsorption models can be expressed mathematically by the following equations, respectively: q e = KC e (4) q e = K F C e NF (5) q e = C a,max K L C e /(1+K L C e ) (6) where: q e is the adsorption capacity of nZVI at equilibrium (mg/g) C e is the concentration of metal ions in the equilibrium solution (mg/L), K, K F , and K L are, respectively, the constants for Henry (L/g), Freundlich (L/g), and Langmuir (L/g), N F is the heterogeneity factor (-), and C a,max is the maximum amount of adsorbate (mg/g).
RESULTS AND DISCUSSION
The kinetic test results are presented in Figures 1  and 2 . For the purposes of kinetic studies, the second--order rate constant for heavy metals was determined. The Figures show the fi nal concentration of each metal in the multicomponent solution as a function of time. All the metals used in this study were removed at various times and in diverse intensities. Time after which equilibrium was attained was less than 24 hours for all tested metals. The adsorption processes of zinc occurred Table 1 . Experimental conditions and kinetic parameters Figures 3 and 4 . The copper removal data were well described by the Freundlich and Henry models, which probably indicate multilayer adsorption 22 . nZVI is a good adsorbent for Cu, as the constant N F ranged from 0.2 to 0.8 23 . The data fi tted well into the Freundlich and Henry models, where the determination coeffi cients were, respectively, 0.97 and 0.91. The equilibrium capacities of zinc could be related to chemisorption or monolayer adsorption, as the Langmuir model fi ts well into the experimental data with a determination coeffi cient of 0.99. The calculated constants are shown in Table 2 . The removal processes by nZVI are rather kinetic than equilibrium. Therefore, the adsorption of Pb, Ni, and Cd was not described by the Henry, Freundlich and Langmuir equilibrium models.
Inorganic contaminants are removed from aqueous solutions by nZVI in the following processes: cementation, adsorption, and precipitation 1, 24 . The intensity of the processes mentioned above is diffi cult to determine, as single and multiple reaction pathways are possible. This appears to be due both to the physical and chemical characteristics of nZVI and to the solutions used in the experiments. nZVI has a strong ability to govern the redox chemistry of a solution. In the acid environment of the laboratory tests, the cementation processes were highly effective. The removal of cadmium, nickel, and lead in the experiments may be explained by the re-oxidation of heavy metals with accumulated Fe 3+ . The difference between removal ratios obtained at lower pH values are shown in Figure 5 . In these conditions, the positively charged surface of the reactive material becomes dominant, which induces the repulsive forces between the sorbent and the metal. This may decrease the adsorption processes 3 . Figure 3 . Adsorption of Cd, Ni, and Zn Table 2 . The constants of the adsorption models 
CONCLUSIONS
This study allows the following conclusions to be drawn: Based on the corrosion theory of iron, the removal processes of metals by nZVI are better described by a kinetic rather than equilibrium model. During corrosion, more ferrous iron precipitates and new adsorption sites for metal binding at the surface are formed.
The mechanisms of metal removal by nZVI depend on the metal species and experimental conditions.
The values of the second-order rate constants for copper and lead indicate relatively high removal rates from the multicomponent solution.
Due to the limited adsorption sites on the surface of nZVI, the removal pathway of copper and zinc was through adsorption processes. On the other hand, cadmium, nickel, and lead were removed by cementation processes, which are connected to ferrous oxide precipitation. nZVI permeable reactive barriers are an effi cient method for remediation of groundwater contaminated by a mixture of heavy metals (Cd, Cu, Ni, Pb, and Zn).
Additional comprehensive research studies should be performed for further in situ application. This publication has been co-fi nanced with the European Union funds by the European Social Fund.
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